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Introduction
Background
Optimization of energy sources aboard aircraft and permanent 
improvements in more electric technologies are pushing the 
aeronautic industry to aim for the more electrical aircraft (MEA).
,QGHHGHOHFWULFHQHUJ\R൵HUVQXPHURXVEHQH¿WVLQDLUFUDIWV)LUVW
power generation, distribution and conversion are easier because 
EHLQJPRUHDFFXUDWHDQGÀH[LEOHWKDQSQHXPDWLFRUK\GUDXOLFHQHUJ\
FRQWURO7KHQVLJQL¿FDQWPDVVUHGXFWLRQVHHPVPRUHOLNHO\WREH
achieved than with traditional hydraulic systems needing large, heavy 
and maintenance intensive distribution system.
But, this shift towards MEA is not without consequences on the 
electrical stress the insulation system has to withstand. Thus, with 
primary voltage increasing, power distribution architecture evolution 
and high power density power electronics, partial discharge (PD) is 
now a serious cause of concern for aircraft integrator, system designer 
and component manufacturer. Once PDs are occurring regularly, 
degradation of the insulation system until premature failure of the 
aircraft system is irremediable.
Scope and Goal of the Work
This topic of interest has already been discussed by several key actors 
of the aerospace industry, research center such as US Air force 
laboratory or international academic actors. All acknowledge that PD 
risk in a harsh aeronautic environment where pressure, temperature 
and humidity variation, electrical stress created by inverter and 
harness length and weight increase. [1, 2, 3, 4]
Among key issues of aeronautic companies that has to be investigated 
DW,576DLQW([XSpU\WKHDELOLW\WRDFFXUDWHO\GHWHFW3'RQGL൵HUHQW
electric motors in an electrically non-intrusive way and under 
representative aeronautic environment when fed by a silicon carbide 
(SiC) inverter drive will be addressed in this paper and will be the 
main contribution.
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Abstract
The present paper reports non-electrically intrusive partial discharge 
investigations on aeronautic and electric vehicle motors fed by SiC 
inverter drive under variable environmental conditions. A 
representative test procedure and experimental set-up based on 
operating aeronautic conditions are essential to ensure the accuracy 
and reliability of partial discharge test on aircraft systems to make 
informed decisions on insulation system design choice. The aim of 
this paper is to demonstrate the feasibility of partial discharge test of 
WKHLQVXODWLRQV\VWHPRQDGL൵HUHQWW\SHRIPRWRUXQGHUVXFK
conditions, both electrically and environmentally.
To do so, the paper will start by detailing the innovative experimental 
set-up to be used in the study. It mainly consists in a high-voltage 
(1000V) inverter drive using SiC components to provide fast rise 
time surges. A vacuum chamber is used to simulate altitude while the 
DVVRFLDWLRQRIQRQLQWUXVLYHVHQVRUVDQDORJ¿OWHULQJDQGZDYHOHW
based signal processing provided partial discharge detection.
7KHQDQDQDO\VLVLVFDUULHGRXWRQVHYHUDOPRWRUVWR¿QGRXWZKLFK
voltage magnitude trigger partial discharge events. The study helps to 
UHDOL]HWKHEHQH¿WVRIXVLQJDQLQYHUWHUEDVHGWHVWPHWKRGWR¿QGWKH
limits of the insulation system under various pressure and electrical 
conditions. It is shown that a representative insulation system 
performance picture could be drawn experimentally and used to 
enhance insulation design and manufacturing choices.
This paper will also review the ability of the non-intrusive test 
method and the associated numerical signal processing to detect 
partial discharge in a motor fed by fast-rise time surge and under 
GL൵HUHQWSUHVVXUHV7KHSDSHUFRQFOXGHVZLWKDQDQDO\VLVRIUHVXOWV
and thoughts about future work regarding advanced test procedure.
Indeed, it has been recently demonstrated that on-line PD detection 
on electric motors fed by inverter drive proves to be possible using 
non-intrusive sensors. A broad range of operating electric motors 
have been tested on industrial test benches under nominal conditions 
WRYDOLGDWHDQGGH¿QHWKHOLPLWDWLRQVRIWKHZKROHQRQLQWUXVLYH3'
detection method [5]. Moreover, a previous analysis illustrated the 
gains of carrying out a detailed and progressive analysis of the 
insulation system both under AC and impulse voltage from twisted 
pair sample to a complete stator [6]. But, as a whole, a key link in the 
testing chain was still missing. So, in order to make one step further, 
a unique and new testing mean has been designed at IRT Saint-
Exupéry and will be used in this paper. It is a highly customizable 
three phases SiC inverter drive with a high voltage DC bus of 1kV.
The aim of this experimental set-up is thus to help electric motor 
designer evaluate the quality of the insulation system under harsh 
HOHFWULFDOFRQGLWLRQVEHIRUHPDNLQJWKH¿QDOWHVWXQGHUQRPLQDO
operating conditions. The three kind of PD tests conditions (simple 
R൵OLQHLQYHUWHUKDUVKR൵OLQHDQGQRPLQDOFRQGLWLRQVRQOLQHDUH
thus complementary and give the full picture of the insulation system.
Outline
)LUVWSDUWLDOGLVFKDUJHNH\SRLQWVDQGLWVFRQVHTXHQFHVRQLQVXODWLRQ
system will be recalled. In a second step, key features of more 
electrical aircraft will be recalled and how they relate to the 
innovative experimental set-up used here. Then, its main 
characteristics will be presented and an analysis is made regarding 
the relation between time, dV/dt and overvoltage.
The impact of a SiC inverter drive on the non-intrusive detection 
VHQVLWLYLW\ZLOOEHHYDOXDWHG&RPSDULVRQEHWZHHQDQDORJ¿OWHULQJ
and wavelet numerical processing will be presented as a mean to 
double-check partial discharge inception (PDIV) values.
Then, details of the 3 stator will be presented and will be followed by 
tests results and analysis. Stator n°1 illustrates the potential 
consequences of undetected partial discharge on the insulation system 
and its consecutive failure. Stator n°2 illustrates the performance of 
the whole experimental set-up both at atmospheric and low pressure. 
6WDWRUQGHPRQVWUDWHKRZGL൵HUHQWZLQGLQJFRQ¿JXUDWLRQVFRXOGEH
XVHGWRHQKDQFH3',9IRUWKHVDPHLQVXODWLRQV\VWHP)LQDOO\DVKRUW
discussion is followed by details of future work.
Partial Discharge Basics
What is a Partial Discharge? IEEE Definition
$FFRUGLQJWR,(((VWDQGDUGGH¿QLWLRQ>7] a partial discharge is:
An electrical discharge that only partially bridges the insulation 
between conductors. A transient gaseous ionization occurs in an 
insulation system when the electric stress exceeds a critical value, 
and this ionization produces partial discharges.
)LJXUH3DUWLDOGLVFKDUJHDWPEDUVEHWZHHQSKDVHXQGHU$&N+]DQG
opening time 30s [6]
Consequences of Partial Discharge
Partial discharge events have been known and studied for more than a 
century, starting with Paschen, Peek and Townsend among others. 
Partial discharges are feared because they contribute to the 
degradation of the insulation system and lead to its premature failure 
[8] as will be shown in this paper.
Partial Discharge in More Electrical Aircraft
With the recent increase in voltage from 115 V AC to 230 V AC or 
9'&RQ+9'&QHWZRUNWKDWULVNKDVWREHWDNHQLQWRDFFRXQW
LQGHVLJQLQJHTXLSPHQWDQGLQTXDOL¿FDWLRQSURFHVV
Moreover, it is known from Paschen curve that partial discharge risk 
is highly linked to pressure level. Since this variation is non-linear 
with pressure, it is assumed that no simple scale factor could be 
applied to predict partial discharge inception voltage from results at 
atmospheric pressure. Indeed, it is impossible to state a priori that the 
weakest insulation point test at atmospheric pressure is also the 
weakest insulation point at low pressure so that a scale factor is a 
sound hypothesis. It is thus mandatory to carry out test across the 
whole range of pressure.
Partial Discharge Inception Voltage
According to IEEE Standard [7], PDIV is
The lowest voltage at which continuous partial discharges (PDs) 
DERYHVRPHVWDWHGPDJQLWXGHZKLFKPD\GH¿QHWKHOLPLWRI
permissible background noise) occur as the applied voltage is 
LQFUHDVHG0DQ\IDFWRUVPD\LQÀXHQFHWKHYDOXHRI3',9
including the rate at which the voltage is increased as well as the 
previous history of the voltage applied to the winding or 
component thereof
PDIV could be expressed either at RMS or peak voltage depending 
on the applied voltage during test.
During partial discharge test of equipment, PDIV is usually a 
representation of the insulation system quality. In other words, it 
UHSUHVHQWVLWVDELOLW\WRZLWKVWDQGDGH¿QHGYROWDJHOHYHOEHIRUH
partial discharge occurs.
It is thus of a critical importance to that tests are robust, easy to 
reproduce and relevant for the foreseen application. It is also 
important to have an accurate PDIV measurement method that could 
EHDSSOLHGLQGLVWLQFWO\RQDOOWKHDIRUHPHQWLRQHGFRQ¿JXUDWLRQ)URP
simple material characterization test at atmospheric pressure, to an 
operating system in a low pressure environment.
)DLOXUHRIUHSRUWLQJDQHTXLSPHQWVXEMHFWWRSDUWLDOGLVFKDUJHFRXOG
have dramatic consequence on its reliability, leading to short-circuits 
creating electrical arcs. Safe level of target PDIV should be set in order 
to ensure equipment are PD free during operational life of the system.
More Electrical Aircraft Paradigm
The MEA approach underlines the use of electrical system for 
non-propulsive application such as environmental control systems 
(&6HOHFWULFGULYHQK\GUDXOLFSXPSRUÀLJKWFRQWURODFWXDWLRQ
Other applications such as electrical taxiing or anti-icing are also 
FRQVLGHUHGIRUHOHFWUL¿FDWLRQ,QRWKHUZRUGVDPRUHHOHFWULFDO
aircraft has no on-engine hydraulic power generation and bleed air 
R൵WDNHVEXWPRUHDQGPRUHSRZHUHOHFWURQLFVDQGHOHFWULFPRWRUV
Key Role of Highly Integrated Power Electronics
A key enabler of such development is the breakthrough in high power 
density, high voltage and reliable silicon-based power semiconductor 
switching device such as insulated gate bipolar transistor (IGBT).
It is expected that state-of-the-art switching device such as Silicon 
Carbide (SiC) or Gallium Nitride (GaN) will dramatically improve 
inverter drive, converters, motor controller and other semiconductor 
EDVHGSRZHUV\VWHPVSRZHUGHQVLW\IXO¿OOLQJDWWKHVDPHWLPHPDVV
UHGXFWLRQREMHFWLYHDQGHOHFWULFSRZHULQFUHDVH
The evolution of power electronics towards fast switching in the 
PRUHHOHFWULFDODLUFUDIWZLWK+9$&DQG+9'&QHWZRUNLQFUHDVHG
primary voltage is putting even more stress on motor insulation 
system [9, 10, 11, 12]
The combination of harness length, fast rise time is creation 
overvoltage at motor terminals and an uneven voltage distribution is 
found on coils increasing electrical stress on the turn-to-turn 
insulation system. The following experimental set-up aims to recreate 
such electrical stresses
Experimental Set-Up
Power Supplies
High Speed High Voltage Power Amplifier
$VVRFLDWHGZLWKD7HNWURQL[$)*GXDOFKDQQHOVDUELWUDU\
ZDYHIRUPJHQHUDWRUWKH7UHN$+6DPSOL¿HULVDEOHWRGHOLYHU
10kV peak and a maximum of 40mA RMS current with a bandwidth 
RIN+]7KLVYHUVDWLOLW\DOORZVGL൵HUHQWYROWDJHZDYHIRUPVWREH
tested such as AC at various frequency, square bipolar with adaptable 
duty cycle, frequency and other point-per-point signals.
High Voltage SiC Inverter Drive
An inverter drive has been designed at IRT Saint Exupéry to recreate 
DW\SLFDODHURQDXWLFDOHOHFWURPHFKDQLFDOFKDLQ)RUWKH'&EXV
voltage, two 15kW 500V ElektroAutomatic DC power supplies are in 
series with the mid-point grounded, the total DC bus voltage could 
remotely be varied from ± 10V to ± 500V.
The inverter drive consists in three 1700V SiC Cree power modules 
delivering fast rise times on each phase with driver boards accepting 
DVZLWFKLQJIUHTXHQF\XSWRN+]$Q\3:0FRPPDQGPDGHLQD
Matlab-Simulink model could be used to control the inverter drive 
thanks to the use of an OPAL-RT real time calculator. Switching 
frequency, carrier frequency and modulation factor could easily be 
PRGL¿HG&RPPDQGVLJQDOVDUHWUDQVPLWWHGXVLQJWZRRSWLFDO¿EHUV
per phase (enable and command) allowing the use of the inverter as a 
KDOIEULGJHIXOOEULGJHRUWKUHHSKDVHFRQ¿JXUDWLRQVDVQHHGHG
High Voltage Measurements
Voltage level are monitored using a Testec TT-SI 9010A (1/1000 
UDWLRDFWLYHGL൵HUHQWLDOSUREHZKRVHEDQGZLGWKLV0+]
Signal Acquisition
Analog to Digital Conversion
Data are displayed and recorded using a Keysight DSOS204A 
oscilloscope with a sampling rate of 20GSa/s and numerical bandwidth 
RI*+]$OO3',9PHDVXUHPHQWVZHUHPDGHLQSHDNGHWHFWPRGHZLWK
VDPSOLQJIUHTXHQF\¿[HGDW*6V,IGDWDQHHGWREHSURFHVVHG
numerically, the high resolution mode (12 bits) is used instead of the 
peak detect mode at the higher sampling frequency available.
Analog High Pass-Filtering
When performing measurement using non-intrusive sensor, it is usual 
WRFRQQHFWKLJKSDVVDQDORJ¿OWHUEHIRUHWKHRVFLOORVFRSHEHWR
remove noise coming from inverter drive switches or power 
DPSOL¿HU7\SLFDOFXWR൵IUHTXHQF\UDQJHIURP0+]WR0+]
have been used in the following experiments
Partial Discharge Sensors
Technological research at IRT Saint-Exupéry are focused on 
non-intrusive sensors. These sensors and associated method have 
DOUHDG\SURYHWREHH൵HFWLYHIRUGHWHFWLQJSDUWLDOGLVFKDUJHRQOLQHRQ
both electric motor in automotive [2] and aeronautic test benches [5].
Capacitive Sensor
The non-intrusive sensor used to detect partial discharge is taking 
DGYDQWDJHRIWKHFDSDFLWLYHH൵HFW0RUHGHWDLOVDUHSURYLGHGRQWKH
sensor behavior in the next part. This sensor has already been used in 
numerous study, particularly [2] and [6].
Environmental Conditions
All the tests have been carried out within a grounded vacuum 
chamber, acting as a faraday chamber, connected to a vacuum pump. 
The system is currently able to regulate pressure from atmospheric to 
20mbars with an accuracy of +/- 5 mbars.
)LJXUH6L&LQYHUWHUGULYHDOWLWXGHH[SHULPHQWDOVHWXS
Table 1. Inverter drive operating point
Rise Time and Overvoltage Measurement
7REULHÀ\GHPRQVWUDWHWKHSHUIRUPDQFHRIWKH6L&LQYHUWHUGULYHD
time dependent rise time and overvoltage analysis has been carried 
out while feeding a three phase electric. Measurements were 
SHUIRUPHGGLUHFWO\DWLQYHUWHURXWSXWXVLQJDKLJKYROWDJHGL൵HUHQWLDO
probe between the DC- and the output of the power module. Table 1 
details the used operating point.
In IEC 60034-18-41 standard [13], stress magnitude categories are 
GH¿QHGDFFRUGLQJWRULVHWLPHDQGRYHUYROWDJHYDOXHFRPSDUHGWR
nominal DC bus voltage. It is thus interesting to track the time 
dependent evolution of this parameters to check when the electrical 
stress is the most severe.
Typical SiC inverter behavior could be observed on both rise time 
and overvoltage which is both are current dependent. Although 
current was not monitored during measurement, the time dependency 
and periodicity could be observed on rise time which is maximum at 
current polarity reversal while minimum when current is at his 
highest value. On the contrary, overvoltage is maximum when current 
is at its maximum while overvoltage is minimum at current polarity 
reversal. As a result, the electrical stress created by the combination 
of dV/dt and overvoltage is time dependant.
These phenomena could be explained by the very nature of SiC 
switch, current magnitude, grid resistor and other power electronics 
characteristics. In essence, dV/dt is maximum for low current turn-on 
ZKLOHRYHUYROWDJHLVJHQHUDOO\PD[LPXPGXULQJWXUQR൵>14]. This is 
shown on )LJ for falling edge in red.
2QERWKULVLQJHGJHDQGIDOOLQJHGJHWKHH൵HFWRQVZLWFKLQJRQRWKHU
phase could be observed by small perturbations on overvoltage.
)LJXUH5LVHWLPHDQGIDOOLQJWLPHRIHGJHIRUWXUQRQRQO\DQGRYHUYROWDJHPHDVXUHPHQW
)LJXUH=RRPRQWXUQRQDQGWXUQRIISKDVHWRSKDVHYROWDJHZLWKVHQVRUVLJQDOEHORZ
Non-Intrusive Sensor Performance in Motor 
Supplied by SiC PWM Inverter
Capacitive Sensor Study
7KDQNVWRWKHFDSDFLWLYHH൵HFWSDUWLDOGLVFKDUJHVPDOOFXUUHQW
impulses are transduced into voltage variations through the 
capacitance between the copper wire and oscilloscope impedance.
The Jack-SMA sensor is a robust, inexpensive, and standardized way 
of detection PD in a non-intrusive way. But, for consistency to be 
achieved, the positioning of the sensor has to be ensured. Due to its 
small geometry, achieving good contact and adequate holding on the 
SRZHUFDEOHFDQEHFRPSOH[)RUWKLVUHDVRQZHGHYHORSHGVSHFLDO
3D printed pliers to ensure good contact regardless of the cable 
gauge and vibrations
The sensor is based on a capacitive coupling. Sensor sensitivity can 
therefore be increased simply by improving the coupling capacitance 
value. This is achieved by increasing the contact surface by putting 
copper tape on the surface of the power cable to control the 
interacting area and thus the value of the induced capacity ()LJ).
)LJXUH-DFN60$ZLWKWKHKROGLQJV\VWHP
)LJXUH=RRPRQWKHFRQQHFWLRQSDUW
It is important to note that this sensor is sensitive to the dynamic of 
the partial discharge compared to the "standards" sensors, which are 
only sensitive to the amplitude of the discharge.
Switching Noise Magnitude Evolution: Relation with 
Common Mode Current
When performing non-intrusive PD detection, periodic pulses 
LQWHUIHUHQFHRIKLJKIUHTXHQF\FRQWHQWDUHRIWHQWKHPDMRUVRXUFHRI
QRLVHDQGQHHGWREH¿OWHUHG%HIRUHXVLQJDQ\¿OWHULQJDQDORJRU
numeric, it is important to track how maximum switching noise is 
evolving with DC bus voltage. It is expected that a higher DC bus 
will lead to a higher switching noise during the rise and will thus hide 
potential partial discharge signals.
)URP)LJ, a typical sequence of switching could be observed with; 
IURPOHIWWRULJKWDWXUQR൵DSDUDVLWLFUHVSRQVHIURPDVZLWFKLQJRQ
another phase and a slow turn-on. Each of these switching is 
DVVRFLDWHGZLWKDGL൵HUHQWVZLWFKLQJQRLVHGHWHFWHGE\RXUQRQ
intrusive sensor.
)LJXUH2SWLPL]DWLRQRIWKHVHQVRUVHQVLWLYLW\
This source of noise collected by the sensor is dependent of the 
common mode capacitance of the whole set-up value. Indeed, since 
WKHQRQLQWUXVLYHVHQVRUUHOLHVRQFDSDFLWLYHH൵HFWWRFROOHFWWKH
partial discharge towards the input impedance of the oscilloscope and 
its low voltage potential; it should also collect a part of the common 
mode current created by switching.
The whole set-up common mode capacitance is greatly increased 
ZKHQWKHVWDWRUIUDPHLVFRQQHFWHGWRJURXQGWKXVR൵HULQJDORZ
impedance path for high frequencies common mode current. Whereas 
the common mode capacitance is decreased when stator frame is 
ÀRDWLQJ,QRWKHUZRUGVWKHFRPPRQPRGHFXUUHQWVHHQE\WKHVHQVRU
will be low when the stator frame is grounded, as it is usually the 
case in aeronautic applications.
The sensitivity of the measurement of PD pulse high frequency 
current will thus be function of the sample common mode 
capacitance, detection capacitance and the spread of frequency 
content between switching common mode current and partial 
discharge current.
The following measurements (Table 2) were made while feeding a 
three phases stator with the inverter drive with the sensor without an 
LQFUHDVHRIWKHFDSDFLWLYHH൵HFWWRHYDOXDWHWKHDPSOLWXGHRIFRPPRQ
PRGHQRLVHDQGKLJKOLJKWWKLVH൵HFW
When an the detection capacitance is increased, the common mode 
FXUUHQWIRUVZLWFKLQJLVJUHDWO\LQFUHDVHGZKHQWKHVWDWRULVÀRDWLQJ
DQGLQFUHDVHGYROWDJHOLPLWRIRVFLOORVFRSHLQSXWRI9XQGHUȍ
impedance. (Table 3)
Table 2. Measurement sensitivity
Table 3. Measurement sensitivity with increased capacitance
Analogical Filters Performance
Since the sensor is sensitive to quick changes in current, any 
phenomenon that induces this type of variation can cause a sensor 
response. When seeking to detect PDs in equipment supplied by 
inverter using PWM., a key challenge is to distinguish the raw 
signal with respect to electromagnetic noise induced by fast 
switching inverters. The magnitude of the signal associated with 
partial discharges generally has an amplitude of several tens of mV, 
while the magnitude of the noise signal is on the order of several 
hundred mV and depends on the voltage magnitude as has been 
demonstrated previously.
)URPDIUHTXHQF\SHUVSHFWLYHWKHVSHFWUXPRIDGLVFKDUJHPD\
H[WHQGXSWRWKH*+]UDQJHZKLOHWKHQRLVHVSHFWUXPGRHVQRWH[WHQG
EH\RQGDIHZKXQGUHGRI0+]7KH¿OWHUFXWR൵IUHTXHQF\VKRXOGEH
greater than the frequency for noise suppression of commutations and 
must be adapted to the voltage rise time.
In our work, a simple technique for observing the presence or the 
DEVHQFHRIDGLVFKDUJHZDVWR¿OWHUWKHUDZVLJQDOLQRUGHUWRUHWULHYH
only the high-frequency components of the signal using analog 
KLJKSDVV¿OWHUV:KLOHWKLVWHFKQLTXHZRUNVZHOOVRPHH[WHUQDO
parameters can alter the discharge spectrum like the pressure.
It is therefore important to determine the amplitude of the noise 
induced by the switching, detected by the sensor. A study was carried 
RXWIRUGL൵HUHQWYDOXHVRI'&EXVDQGIRUGL൵HUHQWFXWR൵IUHTXHQF\
RIKLJKSDVV¿OWHUV7KHVHWHVWVZHUHFDUULHGRXWDWDVZLWFKLQJ
IUHTXHQF\RIN+]DQGDFDUULHUIUHTXHQF\RIN+]XVLQJWKH
increased capacitance.
It can be seen in )LJ that the noise increases with the amplitude of 
WKH'&EXVDVSUHYLRXVO\EXWGRHVQRWFKDQJHOLQHDUO\RQFH¿OWHUHG
This is explained by the fact that the dV / dt is not only dependent on 
the amplitude of the voltage but also the switched current. It can be 
VHHQWKDWIRUDFXWR൵IUHTXHQF\JUHDWHUWKDQ0+]PXFKRIWKH
noise seems to be suppressed since the noise does not exceed 10 mV. 
%H\RQG0+]DOOQRLVHLVVXSSUHVVHGWKHUHPDLQLQJQRLVHLV
white noise induced by the oscilloscope. It is thus recommended, for 
WKLVLQYHUWHUGULYHWKLVKDUQHVVDQGWKLVVDPSOHWRXVHD0+]
DQDORJ¿OWHUZLWKWKHLQFUHDVHGFDSDFLWDQFH
)LJXUH,QIOXHQFHRI'&EXVYROWDJHDQGILOWHUFXWRIIIUHTXHQF\RQQRLVH
amplitude
Noise Suppression Improvement
In aeronautical environments, some equipment operates under 
pressure and temperature conditions that can vary greatly. These 
environmental condition variations can alter the signals associated 
with PD. The denoising technique must therefore work regardless of 
WKHRSHUDWLQJFRQGLWLRQV7KHFKRLFHRIWKHFXWR൵IUHTXHQF\UHPDLQV
DGL൶FXOWWDVNEHFDXVHLWLVGHSHQGHQWRQWKHDQDORJ¿OWHUVDYDLODEOH
during testing, of the pressure as observed above as well as the 
H[SHUWLVHRIWKHRSHUDWRU,WWKXVVHHPVLPSRUWDQWWRRSWLPL]H¿OWHU
FKRLFH7RGRWKLVLWLVSRVVLEOHWRXVHGLJLWDO¿OWHUVWKDWPDNHLW
SRVVLEOHWRKDYHDQLQ¿QLWHQXPEHURI¿OWHUVDYDLODEOH+RZHYHUWKLV
VROXWLRQVWLOOUHTXLUHVVLJQL¿FDQWH[SHUWLVHUHJDUGLQJWKHVHOHFWLRQRI
WKH¿OWHUFXWR൵IUHTXHQF\7KLVLVZK\LWLVQHFHVVDU\WRGHYHORSD
fully automated digital method to replace the expertise of an operator. 
We therefore decided to use the wavelet transform method.
Invented by Jean Morlet, the wavelet transform (Wavelet Transform 
 :7MXVWDVWKH)RXULHUWUDQVIRUP)RXULHU7UDQVIRUP)7LVD
mathematical signal processing tool that decomposes a signal into
GL൵HUHQWEDVLFIXQFWLRQV7KHEDVLFIXQFWLRQVRIWKH)7EHLQJWKHVLQH
and cosine, the result of applying this method provides information
only on the frequency content of the signal of interest. The
disadvantage lies in not knowing the moment at which each
frequency component appears. Besides that, the basic functions of the
WTs called “wavelets” allow two-dimensional resolution in the
frequency and time domains. The result of these two transforms
UHSUHVHQWVWKHSURMHFWLRQRIDVLJQDOEDVHGRQZDYHOHWVIRUWKH:7RU
FRPSOH[H[SRQHQWLDOIXQFWLRQVIRUWKH)70RUHRYHULQFRPSDULVRQ
WKH)7VKRZVH[WUHPHH൶FLHQF\IRUDQDO\]LQJSHULRGLFSKHQRPHQD
time-invariant and stationary techniques, while WT screens all
components produced by transients, of variable time and non-
stationary [15], [17].
Therefore, with the PD signal being of a non-periodic nature and 
exhibiting very fast transient characteristics, the WT approach seems 
more suitable in this context. The method has proved its ability to 
denoise PD signals, but mainly under AC voltage and in the presence 
of white noise [16], [18], [19], [20]. It is therefore necessary to check 
whether this method is functional for denoising PDs occurring under 
PWM. We used this technique to remove noise superimposed on PDs.
We therefore compared the results given through an analog high-pass 
¿OWHULQJDQGWKRVHJLYHQE\WKHZDYHOHWWUDQVIRUP)RUWKLVWKH
ignition of PDs was observed on a stator supplied by a SiC inverter 
ZLWKDN+]VZLWFKLQJIUHTXHQF\DQGDN+]FDUULHUIUHTXHQF\
The stator (n°2) was positioned in a vacuum chamber in order to 
carry out tests at atmospheric pressure and at low pressure.
)LUVWZHREVHUYHGWKHQRLVHDVVRFLDWHGZLWKVZLWFKLQJDWDWPRVSKHULF
pressure.
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOZLWKRXWILOWHULQJUHG
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOILOWHUHGDW0+]EODFN3'
signal reconstructed by CWT (red) at atmospheric pressure
It can be observed in )LJ that the noise amplitude is greater than 
500 mV and corresponds temporally to the switching. In this case, 
there are two close switching. The oscillations associated with the 
¿UVWVZLWFKLQJDUHQRWVWDELOL]HGZKHQWKHVHFRQGVZLWFKLQJRFFXUV
WKLVUHVXOWVLQDSRWHQWLDOGL൵HUHQFHPXFKJUHDWHUWKDQWKH'&EXV
which can lead to the appearance of PDs.
It can be seen in )LJWKDWWKHQRLVHDVVRFLDWHGZLWKWKH¿UVW
VZLWFKLQJLVFRPSOHWHO\VXSSUHVVHGIRUWKHWZR¿OWHULQJWHFKQLTXHV$
signal can then be seen which corresponds temporally to the greatest 
SRWHQWLDOGL൵HUHQFH7KHVHVLJQDOVFRUUHVSRQGWRD3'DQGLWFDQEH
seen that the signal reconstructed by the wavelet transform has an 
DPSOLWXGHWZHQW\WLPHVJUHDWHUWKDQWKHVLJQDO¿OWHUHGDQDORJLFDOO\
The method is functional and allows to recover a signal with a much 
higher Signal to Noise Ratio (SNR).
It is now important to check the method at low pressure (100 mbar).
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOILOWHUHGDW0+]EODFN3'
signal reconstructed by CWT (red) at 100 mbar
One can see in )LJ that the method is able to detect PDs 100 mbar, 
however in this case the amplitude of the signal is only two times 
JUHDWHUWKDQWKH¿OWHUHGDQDORJLFDOVLJQDO
The digital denoising method based on continuous wavelet transform 
is functional. Moreover this method sets all the wavelet transform 
FRQ¿JXUDWLRQSDUDPHWHUVDXWRPDWLFDOO\>21]. This method has real 
LQWHUHVWZLWKUHVSHFWWRKLJKSDVV¿OWHULQJEHFDXVHKXPDQH[SHUWLVHLV
no longer required to remove noise in signals. It is still important to 
QRWHWKHOLPLWDWLRQVRIWKLVWHFKQLTXH)LUVWWREHIXQFWLRQDOLWLV
necessary for the signal to be discretized with a large sampling 
frequency in order to represent fast signals.
Another important point is that the amplitude of the signal 
UHFRQVWUXFWHGE\WKHPHWKRGKDVDYHU\VLJQL¿FDQWHUURU,QGHHG
frequency band overlap corresponding to each level of decomposition 
DOVRLQGXFHVDYHU\VLJQL¿FDQWHUURURQWKHSXOVHZDYHVKDSH
+RZHYHUHUURULVDOVRLQGXFHGZLWKWKHXVHRIDKLJKSDVV¿OWHU
EHFDXVHDOOIUHTXHQF\FRPSRQHQWVEHORZWKHFXWR൵IUHTXHQF\DUH
removed or attenuated. It has also been reported that PD pulse shape 
LVGLVWRUWHGE\VXFKDQDORJ¿OWHULQJ
$VDFRQFOXVLRQWKHXVHRIERWKDQDORJ¿OWHULQJDQGQXPHULFDO
processing based on wavelet transform allows the detection of PDIV 
under SiC pulse at both atmospheric and reduced pressure.
It should be noted that although PDIV could be determined with this 
method, no calibration or PD pulse shape analysis could be carried 
out at the moment with the proposed algorithm. Indeed, due to the 
dependency of the sensor to the derivative of the current pulse rather 
than being a simple proportional impedance, the charge of the 
discharge current would have to be doubly integrated which is further 
complicated by the fact the parasitic oscillations of the circuit in 
response to the PD pulse.
Electric Motors Description
In order to validate our detection method and to make the best use of 
our test bench based on the SiC technology, three low voltage stators 
PD[9'&ZLWKLQVXODWLRQGL൵HUHQWFKDUDFWHULVWLFVKDYHEHHQ
chosen of designed. The table below summarizes some of their 
properties.
These are stators of three-phases Permanent Magnet Synchronous 
Motor (PMSM), they are designed to be powered with Pulse Width 
Modulation (PWM) inverters. (Table 4)
Table 4. Stators main characteristics
Stator n°1: Laboratory Dummy Sample
The design of this stator has been extensively detailed in [6] are 
tables regarding insulation and electric design are recalled below 
(Tables 5, 6, 7). The two terminals of each of his three phases are 
accessible. This allows to test each phase separately. It is very 
important to highlight that the stator is not impregnated and that it has 
been rewound before starting the test campaign to ensure a PD free 
previous history. ()LJ)
)LJXUH6WDWRU,576DLQW([XSpU\W\SLFDO+9'&VWDWRU
Table 5. Stator n°1 winding characteristics
Table 6. Enamel wire properties (Norm IEC 60317-13)
Table 7. Insulation system reference and thickness for stator n°1
Stator n°2: High Mechanical Integration Constraint 
Stator
&RPSDUHGWRWKH¿UVWVWDWRUWKLVRQHLVLPSUHJQDWHGXQGHUYDFXXP
pressure (VPI process), this allows the varnish to penetrate as much 
as possible within the windings. Its end-windings are mechanically 
compressed to optimize the axial length of the machine ()LJ). The 
neutral point is not accessible so the evaluation of the PDIV of each 
phase alone (turn to turn PDIV) is not possible. Therefore, only the 
star-connected case will be tested.
Due to non-disclosure agreement with our industrial partners, 
insulation and electrical design details could not be provided for stator 
n°2 except that this is a three phases motor with four parallel coils per 
phase. The winding diagram of stator n°2 is similar to stator n°1.
)LJXUH6WDWRUQ&RPSDFWVWDWRU
Stator n°3: Low Cost Stator
Unlike the other two stators, this stator is cooled by air. The insertion 
of its coil is automated, this allows a more reproducible winding but 
ZLWKDVOLJKWO\ORZHU¿OOLQJIDFWRUFRPSDUHGWRWKHRWKHUVWDWRUV7KH
end-windings are not compressed and are insulated by relatively thick 
tapes. It is also varnished using dipped impregnation instead of 
vacuum pressure impregnation as shown in )LJ
)LJXUH'HWDLOVRIVWDWRUQ7UDFWLRQPRWRU
Each of its three phases (U, V and W) is composed of four coils (U1, 
U2, U3, U4, V1, V2, V3, V4 and W1, W2, W3, W4). These are 
DFFHVVLEOHDQGFDQEHFRQQHFWHGLQGL൵HUHQWZD\VHDVLO\DOWKRXJKWKH
QRPLQDOVWDUFRQQHFWHGFRQ¿JXUDWLRQLVZLWKIRXUFRLOVLQSDUDOOHOIRU
each phases. This stator is designed for electric traction application 
under atmospheric conditions. Therefore, the proposed tests don't 
FRQVLGHUWKHH൵HFWRISUHVVXUH
Advanced Partial Discharge Testing Results
General Purpose
)RUHDFKVWDWRUVWXGLHG$&DQG6L&3:0WHVWVZHUHFDUULHGRXWDW
both 100mbars and atmospheric pressure except for stator n°3. The 
purpose of these tests is to investigate the PDIV under SiC inverter 
drive electrical stress compared to typical AC tests usually carried 
out. On one hand, AC tests are used to determine the PDIV between 
phases (if neutral point is disconnected), and between phases and 
stator frame. On the other hand, SiC inverter tests will be used to 
determine PDIV in a more realistic approach with fast rime time 
impulse compared to aeronautic standard (>5V/µs).
PDIV of Experimental Set-Up
Before starting any investigation, PDIV of the experimental set-up 
ZLWKRXWDQ\VDPSOHLVGHWHUPLQHGXQGHU+]$&YROWDJHTable 8)
Table 8. Experimental set-up PDIV
Stator n°1
Stator n°1 has been designed at IRT Saint-Exupery to represent a 
typical aeronautic electric motor insulation system.
Phase to ground
,QWKH¿UVWWHVWDOOSKDVHVDUHVWDUFRQQHFWHGDQGWKHVWDWRUIUDPHLV
grounded to test the slot insulation only. Then each phase is tested 
separately in respect to the stator frame. Tests are performed with 50 
+]$&YROWDJHTable 9)
Table 9. Phase to ground AC Partial Discharge tests for stator n°1
Results are similar with our previous technical report [6], showing 
that even a complete rewound of the electric motor lead to stable 
3',9SHUIRUPDQFHUHJDUGLQJWKHVORWLQVXODWLRQ)HZYDULDWLRQV
between phases could be noted suggesting that slot insulation is 
balanced in all slots.
Phase to Phase
The phase to phase insulation is now tested, with two phases 
JURXQGHGDQGRQHZLWK$&+]YROWDJHZKLOHWKHVWDWRUIUDPHLV
ÀRDWLQJTable 10)
Again, results are similar with our previous technical report [6], with 
very few variations between what seems to be a balanced phase to 
phase electrical insulation. On average, the phase to phase insulation 
is also weaker than the phase to ground insulation system.
Table 10. Phase to phase AC Partial Discharge tests for stator n°1
SiC Inverter Drive Test
Unfortunately, an insulation failure during preliminary tests prevents 
us from reporting the complete set of results under impulse test. The 
IDLOXUHRFFXUUHGDWPEDUVRISUHVVXUHVWDWRUIUDPHÀRDWLQJXQGHU
a 700V DC bus with all phases star connected.
Initially, PDIV with these conditions was around 460-500V DC 
(650-700 Vpeak) bus at 100 mbars. Voltage was increased above 
PDIV to observe partial discharge evolution electrically and optically 
to rule out possible false positive signals. The weak point was 
LGHQWL¿HGWREHWKHH[LWRIWKHVORWDQGZLWKLQHQGZLQGLQJ7KH
failure occurred quite quickly (about half-an-hour of equivalent 
WHVWLQJWLPHDERYH3',9DWWKLGHQWL¿HGZHDNSRLQWDQGDSLFWXUHRI
the failure is reported. ()LJ)
)LJXUH6WDWRUQIDLOXUHDWPEDUV
PDs eventually led to an electrical arc between phases (short circuit) 
FDXVLQJPDJQHWZLUHWRPHOWDQG¿QDOO\WREHFRPSOHWHO\FXW,WLV
believed that the electrical arc even hang to the stator frame 
ÀRDWLQJ,WVKRXOGEHQRWHGWKDWVWDWRUIUDPHDUHXVXDOO\QRWÀRDWLQJ
in aeronautic electromechanical chain which could have cause 
another failure mechanism or more damage.
Stator n°2
Stator n°2 is also an aeronautic electric motor with the neutral point 
star connected meaning only few tests are possible both in AC and 
ZLWKWKH6L&LQYHUWHUGULYH)RUH[DPSOHSKDVHWRSKDVHWHVWVDUHQRW
possible.
Phase to Ground Tests
A typical phase to ground insulation test is made on all phases at the 
VDPHWLPHZLWKWKHVWDWRUIUDPHJURXQGHGDW+]$&YROWDJH
Phase to ground insulation performance is better than for stator n°1 
which presents similar insulation characteristics except for test for the 
VPI varnishing process. It is believed that the VPI process helps 
LQFUHDVHWKH3',9EHWZHHQVORWDQGSKDVHVE\HQVXULQJYDUQLVK¿OO
most of air gaps.
Stator Supplied by Three-Phase SiC Inverter at 
Atmospheric Pressure
The electric stator is fed with the inverter drive at atmospheric 
pressure with a short harness with a typical operating point.
Table 11. Phase to ground AC Partial Discharge tests for stator n°2
Table 12. SiC inverter drive operating point
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOILOWHUHGDW0+]EODFNDW
atmospheric pressure
The non-intrusive sensor is positioned on one of the power cable 
(harness) feeding the electric stator with an increased capacitive 
H൵HFWDVH[SODLQHGHDUOLHULQWKLVDUWLFOH$0+]KLJKSDVV¿OWHULV
used to perform PD detection. Although not reported in details here, a 
KLJKHUFXWR൵IUHTXHQF\FRXOGEHXVHGZLWKVLPLODUUHVXOWV
)LJ is a typical case with a PD signal appearing for the maximum 
peak to peak voltage (1410V peak-peak) for a short impulse case. It 
should be noted that this PD location suggests a turn-to turn or a 
phase to phase default. Indeed, a phase to ground PD is highly 
unlikely because the peak voltage does not increase above 1000V, 
which is lower than phase to ground PDIV under AC voltage reported 
in Table 11. On the contrary, a turn default could be tested with SiC 
impulse around 10kV/µs.
Stator Supplied by Three-Phase SiC Inverter at 
Atmospheric Pressure
The electric stator is tested at low pressure (100mbars). PDIV is also 
HYDOXDWHGZLWKDKLJKSDVV¿OWHURI0+]LQWKHVDPHPDQQHU
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOILOWHUHGDW0+]EODFNDW
100 mbar
Table 13. Phase to ground AC Partial Discharge tests for stator n°2
It can be seen on )LJ that the discharge appears at 641 Vpeak at 
100 mbar for the maximum voltage. Any insulation could trigger a 
This PD location is not characteristics of any insulation on the 
contrary to the previous case. Other parasitic signals of lower 
amplitude at 100 mbar could be observed and are labelled as residual 
noise. As a summary (Table 13), these tests prove that non-intrusive 
PD detection is possible at both atmospheric and low pressure on 
electric stator fed by a SiC inverter drive. Detection with high-pass 
¿OWHULQJZDVFRQ¿UPHGZLWKYLVXDOREVHUYDWLRQRIWKHVWDWRUGXULQJ
test and numerical signal processing.
Stator n°3
Stator n°3 is only tested at atmospheric pressure
Phase to Ground
3KDVHWRJURXQGWHVWVDUHSHUIRUPHGDW+]$&YROWDJH
Table 14. Phase to ground AC Partial Discharge tests for stator n°3
In table 14, PDIV values for each phase are more widely distributed 
regarding stator n°3 than for both previous stators which is 
LQWHUHVWLQJJLYHQLWVDXWRPDWHGZLQGLQJSURFHVV$ORZHU¿OOLQJUDWLR
IRUVWDWRUQPD\EHDQRWKHUFDXVHIRUVXFKGL൵HUHQFHUHJDUGLQJ
phase-to-ground insulation performance. Lowest phase to ground 
PDIV for stator n°3 is very similar to stator n°1 average phase to 
ground PDIV value.
Phase to Phase
The phase to phase insulation is made with the same material as the 
slot insulation (insulating paper). Results (Table 15) are consistent 
with this observation and should lead to better phase-to-phase 
insulation performance, although PDIV value are also more widely 
distributed. Another possible cause for this better performance is the 
ZLQGLQJFRQ¿JXUDWLRQZLWKFOHDUO\VHJUHJDWHGHOHFWULFSROHVW\SLFDORI
concentric windings.
Table 15. Phase to phase AC Partial Discharge tests for stator n°3
Coil-to-Coil Tests
Since 12 coils are available, each one is tested relatively to each other 
within each phase. This is not a conventional test since these coils are 
supposed to be connected in parallel within each phase and should 
QRWVHHJUHDWYROWDJHGL൵HUHQFHUHODWLYHO\WRHDFKRWKHU7ZRFDVH
FRXOGDSSHDULQWKHZLQGLQJGHSHQGLQJRQWKHFRQ¿JXUDWLRQ(LWKHU
coils of the same phase are in close vicinity to each other and the 
magnet wire and varnish is the only insulation and it could lead to a 
fairly low PDIV if the start of one coil is close to the end of the other. 
Or coils are wide away meaning that PDIV should be very high 
compared to other insulation.
)RUWKHVDNHRIEUHYLW\QRWDOOVWDWLVWLFDOLQGLFDWRUVDUHUHSRUWHGKHUH
but a standard deviation of 3% is representative of the accuracy of 
PDIV evaluation in table 16.
2QWKHZKROHWKUHHYHU\GL൵HUHQWVLWXDWLRQVKDYHEHHQREVHUYHG
Phase U presents the lowest coil to coil insulation of all phase at 
DWPRVSKHULFSUHVVXUHZLWKDORWRIYDULDWLRQEHWZHHQFRQ¿JXUDWLRQV
This weakness obviously does not appears with AC test because all 
coils are at the same voltage. This may be explain by the fact that this 
motor has already be tested numerous time regarding partial 
discharge level with an inverter.
On the contrary, phase V presents the higher PDIV between coils 
(above 2kV peak) whereas phase W only shows one weakness 
between W1 and W4 which will be very useful later on.
Table 16. Phase to phase AC Partial Discharge tests for stator n°3
Coil Configurations and Electric Stator Characteristics
,QRUGHUWRHYDOXDWHDOOSRWHQWLDOFRQ¿JXUDWLRQVR൵HUHGWRGHVLJQHUVWR
PHHWUHTXLUHGLQVXODWLRQDQGHOHFWULFDOVSHFL¿FDWLRQVZHZLOOWU\WR
take advantage of having access to its 12 coils and connect them to 
HDFKRWKHU¶V7KUHHFRQ¿JXUDWLRQVDUHSURYLGHGEHORZIRUVWXGLHV
• FRLOVLQVHULHV&RQ¿JXUDWLRQ)LJ)
• FRLOVLQVHULHVFRLOVLQVHULHV&RQ¿JXUDWLRQ)LJ)
• $QGFRLOVLQSDUDOOHO&RQ¿JXUDWLRQ)LJ)
)LJXUH&RQILJXUDWLRQFRLOVLQVHULHV
7KHQXPEHURIWXUQVLQVHULHVSHUSKDVHRIFRQ¿JXUDWLRQLVHTXDOWR
WZLFHWKDWRIFRQ¿JXUDWLRQDQGHTXDOWRIRXUWLPHVWKDWRI
FRQ¿JXUDWLRQ
)LJXUH&RQILJXUDWLRQFRLOVLQVHULHVFRLOVLQVHULHV
)LJXUH&RQILJXUDWLRQFRLOVLQSDUDOOHO
In terms of functional performance, the number of turns per phase 
SOD\VDPDMRUUROHLQWKHGHVLJQSURFHVVRIDQHOHFWULFDOPDFKLQH,W
LPSDFWVOLQHDUO\WKHOHYHORI%DFN(0))LJ), therefore the base 
VSHHGȍ
b
RIWKHPDFKLQHȍ
b
 represents the speed from which the 
FRQVWDQWSRZHURSHUDWLQJPRGHEHJLQVÀX[:HDNHQLQJPRGHLQWKH
FDVHRI3060,WDOVRLPSDFWVWKHWRUTXHFRH൶FLHQWDQG
consequently the current consumed by the motor.
)LJXUH%DFN(0)LQIXQFWLRQRIZLQGLQJFRQILJXUDWLRQV(IRU
configuration1, E2 for configuration2 and E3 for configuration3
)LJXUH0RWRUQRPLQDOFXUUHQWLQIXQFWLRQRIZLQGLQJFRQILJXUDWLRQV,IRU
configuration1, I2 for configuration2 and I3 for configuration3
)LJXUH(OHFWURPDJQHWLFWRUTXHLQIXQFWLRQRIZLQGLQJFRQILJXUDWLRQV7
for configuration1, T2 for configuration2 and T3 for configuration3 (Analysis 
valid for the same DC voltage)
&RPSDUHGWRWKHQRPLQDOFXUUHQWRIWKH¿UVWFRQ¿JXUDWLRQWKH
nominal current of the second one is twice smaller and that of the 
third one is four times smaller ()LJ). The maximum torque is often 
the most dimensioning parameter. In the three proposed winding 
FRQ¿JXUDWLRQVWKHPRWRUZLOOSURYLGHWKHVDPHPD[LPXPWRUTXH
ZLWKVOLJKWO\WKHVDPHHQHUJHWLFH൶FLHQF\)LJ).
SiC Inverter Drive Tests
In this case, the four coils of each phase were connected in parallel 
FRQ¿JXUDWLRQDQGHDFKSKDVHLVWHVWHGVHSDUDWHO\EHWZHHQLWVVWDUW
and the neutral point with a SiC PWM waveform (see table 17 for 
RSHUDWLQJSRLQW)RUWKHQRPLQDOFDVHWKHQHXWUDOSRLQWLVVWDUW
FRQQHFWHGDQGWKHVWDWRUIUDPHDWDÀRDWLQJSRWHQWLDODQGWKH6L&
inverter drive is feeding the three phases at the same time with a 
PWM waveform.
)URPWKHUHVXOWtable 18, it seems that each phase has the same PDIV 
under SiC impulse stress, namely around 1300V peak. In the nominal 
case when all phases are star-connected, the PDIV could not be 
determined which is consistent with the fact that the most stressing 
case is when only one phase is tested. Indeed, when all phases are 
star-connected, each phases is facing a 2/3 of the voltage at maximum 
under a PWM waveform.
When comparing results with coils results for phases V and W one 
could observe that it is likely that phase V presents a turn-to turn 
PD whereas phase W presents a coil-to coil PD. Impulse tests have 
WREHSHUIRUPHGFRLOE\FRLOIRUSKDVH9DQG:WRGH¿QHDFFXUDWHO\
PD location.
Table 17. Phase to ground AC Partial Discharge tests for stator n°3
Table 18. Phase to ground AC Partial Discharge tests for stator n°3
)LJXUH3:0YROWDJHEOXHVHQVRUVLJQDOILOWHUHGDW0+]EODFNDW
atmospheric pressure on stator n°3
Table 19. Phase to ground AC Partial Discharge tests for stator n°3
The results in table 19FRQ¿UPWKDWFRLOWRFRLOLQVXODWLRQZDV
actually tested when applying SiC impulse on phase W. In fact, the 
phase test presents a slightly higher PIDV than the W1/W4 coil 
PDIV. This is an interesting result because it shows that depending on 
WKHZLQGLQJFRQ¿JXUDWLRQDQGFRLOVDUUDQJHPHQWLQSDUDOOHO3'V
could also appear between coils of the same phase.
Results (Table 20IURP6L&LPSXOVHWHVWVRQSKDVH9FRQ¿UPWKH
assumption that phase V is presenting turn-to-turn PD on coil V2. It 
should be noted that the rise time during impulse coil test are shorter 
than in the case with 4 coils in parallel. This is due to the fact that the 
current supplied is lower and the tendency of SiC switch to produce 
faster dV/dt under low current, the applied electrical stress regarding 
turn insulation is thus higher. An example of PD acquisition can be 
seen in )LJ.
%XWDVWKHVHUHVXOWVGHPRQVWUDWHWKH3',9GL൵HUHQFHEHWZHHQWKHVH
two test is only 20Vpeak, within the error margin, and no large 
LQÀXHQFHRIWKHG9GWEHWZHHQN9VDQGN9VFRXOGEH
observed on the turn to turn PDIV. This may be due to the fact that 
there are actually few turns per coil and a lot magnet wires (strands) 
in parallel per coil.
Table 20. Phase to ground AC Partial Discharge tests for stator n°3
Reduction of Electrical Stress
Preventing PD in Turn-to-Turn Insulation
The critical area of insulation for phase V is the turn-to-turn 
insulation of coil 2 (named blue/yellow). It thus seems interesting to 
change the coil connection to try to reduce the electrical stress 
applied to it. The weakest coil V2 was connected in series to coil V4 
which does not present turn-to-turn PD. ()LJ)
It can be seen in )LJ that the electrical stress applied to the 
turn-to-turn critical area has been decreased because PD are no longer 
observed at coil V2 PDIV. This was expected since the DC bus 
voltage is now divided between the 2 coils in series instead of being 
DSSOLHGWRDOOFRLOVDWWKHVDPHWLPH)XUWKHUPRUHGHVSLWHWKH
increase of the DC bus up to 970VDC ()LJ), no PD could be 
REVHUYHG0RUHRYHUQRODUJHLPSXOVHSURSDJDWLRQH൵HFWVXFKDV
ringing or very uneven voltage distribution could be observed along 
the 2 coils, explaining why no PD could be observed at coil V2 PDIV.
)LJXUH6HULDOFRQILJXUDWLRQ
)LJXUH7ZRFRLOVYROWDJH8EOXH)LUVWFRLOYROWDJH8UHG6HQVRU
VLJQDOILOWHUHGDW0+]EODFNDWFRLO3',99'&EXV
)LJXUH7ZRFRLOVYROWDJH8EOXH)LUVWFRLOYROWDJH8UHG6HQVRU
VLJQDOILOWHUHGDW0+]EODFNDW9'&EXV
)LJXUH6HULDOSDUDOOHOFRQILJXUDWLRQ
)LJXUH3KDVHYROWDJH8EOXH)LUVWFRLOYROWDJHRIRQHSDUDOOHOEUDQFK8
UHG6HQVRUVLJQDOILOWHUHGDW0+]EODFNDW3',99'&EXV
Preventing PD in Coil to Coil Insulation
7KHFULWLFDOLQVXODWLRQDUHDIRUSKDVH:KDVEHLGHQWL¿HGWREHFRLOWR
coil insulation between W1 (black yellow) and W4 (black).To 
PLWLJDWHWKHH൵HFWRIWKLVZHDNQHVVFRLOFRQ¿JXUDWLRQZDVFKRVHQ
with 2 coils series in parallel. ()LJ)
We can see in )LJ that the electrical stress decreased because there 
is not any PD at the voltage previously observed. As before, voltage 
is now divided between coils in series which, in turn, reduce the coil 
to coil stress. DC Bus voltage has been increased up to 970VDC 
without observing any PD signals.
Discussion about Winding Configuration Influence
Using results from coil-to-coil and impulse tests, the advantage of 
FRQ¿JXUDWLRQQZDVGHPRQVWUDWHGRYHUQRPLQDOFRQ¿JXUDWLRQIRU
the same insulation system. What could have been expected from a 
simple voltage distribution analysis on coils have been tested 
experimentally on a typical electric stator. This holds true for this 
SDUWLFXODUZLQGLQJFRQ¿JXUDWLRQZLWKFRQFHQWULFZLQGLQJGLDJUDP
segregating coils and coils of few turns which does not prevent 
VLJQL¿FDQWVHQVLWLYLW\WRIDVWLPSXOVH
Although these conclusions could not be directly extended on any 
ZLQGLQJFRQ¿JXUDWLRQWKHVDPHNLQGRIDQDO\VLVFRXOGOHDGWR
enhanced PDIV performance on other electric motor even without 
knowing a priori of all insulation in the motor. Obviously, this better 
PDIV performance come at a cost regarding electromechanical 
SHUIRUPDQFHDVVKRZQE\WKHTXDOLWDWLYHWHQGHQFLHVDERXWEDFN(0)
torque and speed.
Summary and Conclusions
This paper illustrates with stator n°2 the robustness of non-intrusive 
detection method at low pressure under SiC impulse voltage. Both 
DQDORJ¿OWHULQJDQGZDYHOHWDQDO\VLVSURYHWREHDEOHWRGHWHUPLQH
PDIV with a better signal to noise ratio for the latter.
The experimental set-up consisting in a three phases SiC inverter 
drive and a vacuum chamber is able to reproduce any PWM 
waveform on a wide range of electric stator both at atmospheric 
pressure and at low altitude. The 1000V DC bus is able to test electric 
stator with a large design margin compared with 540VDC aeronautic 
electric network. The failure of stator n°1 illustrates the destructive 
potential of non-detected partial discharge
This study showed how, without any knowledge of PDIV of each 
LQVXODWLRQZLWKLQWKHHOHFWULFPRWRUDVDIHUZLQGLQJFRQ¿JXUDWLRQ
FRXOGEHVHOHFWHGZLWKDWUDGHR൵UHJDUGLQJHOHFWURPHFKDQLFDO
SHUIRUPDQFHEDFN(0)WRUTXHVSHHG:HUHFRPPHQGWKDWPRWRU
GHVLJQHUVWDNHDGYDQWDJHVRIPXOWLSOHZLQGLQJFRQ¿JXUDWLRQZLWK
similar insulation system and identical electromechanical 
performance to evaluate insulation performance
Future Work and Improvements
As a conclusion of this technical report, further investigations will be 
performed. 
• 6WXG\RIGL൵HUHQWZLQGLQJFRQ¿JXUDWLRQIRUWKHVDPHLQVXODWLRQ
V\VWHPDQGDQDO\VLVRIHOHFWURPHFKDQLFDOWUDGHR൵
• Impact of variable dV/dt on each phase PDIV
• Impact of temperature and low pressure on compressed end-
winding
• Detailed study of electromagnetic noise function of dV/dt
• Development of an advanced three-phase wavelet numerical
processing taking into account dV/dt value
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Definitions/abbreviations
AC - Alternative Current
DC - Direct Current
EIS - Electrical Insulation System
EMF - Counter-electromotive force
FFT)DVW)RXULHU7UDQVIRUP
IRT - Institute of Technological Research
MEA - More Electrical Aircraft
PD - Partial discharge
PDIV - Partial Discharge Inception voltage
PMSM - Permanent Magnet Synchronous Motor
PWM - Pulse Width Modulation
SiC - Silicon Carbide
SNR - Signal to Noise Ratio
WT - Wavelet Transform
